Abstract-In this paper we present reduced complexity OFDM frequency offset estimation methods based on the hest Linear unbiased estimation (BLUE) prinaple. Firstly, reduced complexity version of methods from [61 is pmented. Secondly, a method that possesses both slight performance improvement of [6] and complexity advantage of [SI is proposed. Furthermore, we present the effects of the number of identical parts contained in the training symbol on the frequency offset estimation performance. Our results indicate that an improper choice of the number of identical parts contained in the training symbol can cause significant performance degradation to the methods of [51 and I61 while a proper choice can give extra MSE improvement.
I. INTRODUCTION
One of the main drawbacks of OFDM is its high sensitivity to frequency offsets caused by oscillator inaccuracies and Doppler shift of the mobile channel [I] . The main problem with frequency offset is that it causes loss of orthogonality among subcarriers and introduces inter subcarrier interference and hence, can degrade system performance significantly. Moreover, frequency offset also induces phase error which accumulates over successive symbols. Unless pilot tones for phase tracking are employed, this cumulative phase error can also degrade the system performance to a larger instant for a system with a larger packet length. All of them demand a highly accurate frequency offset estimation method. The first has two identical halves and is used to estimate a frequency offset less than the subcarrier spacing while the second symbol is used to resolve the frequency offset estimation ambiguity. Recently in [5] , Morelli and Mengali (M&M) presented an improved frequency offset estimation based on the hest linear unbiased estimation (BLUE) principle.
The M&M method uses a training symbol composed of L > 2 identical parts and the frequency acquisition range is + L / 2 . At the cost of increased complexity. the M&M method brought University of Victoria, P.O. Box 3055 STN CSC Victoria, B.C., V8W 3P6, Canada email: ptarasak, hhargava@ece.uvic.ca in some MSE performance improvement over the method of In [61. three frequency offset estimation methods based on the BLUE principle were presented: one of them has the same frequency offset estimation mean square error (MSE) performance as the M&M method while the other two methods give a slightly better MSE performance than the M&M method especially at low SNR values. The slight improvement of the methods in 161 is associated with the cost of some complexity: however, the complexity issue was not considered in [6] .
Firstly, in this paper we address the complexity issue involved in the methods of [6] . In particular, we present reduced complexity versions of the methods in 161. Secondly, we propose a frequency offset estimation method which possesses both the slight improvement of the methods from [6] and the complexity advantage of the M&M method. At the same complexity, this method has a marginal MSE improvement over the M&M method, especially at low SNR values. It should be emphasized that a slight improvement over the M&M method, even though not significant in terms of improvement gain, is not trivial since the performance of the M&M method is already very close to the CRB. Thirdly, we discuss the effects of the number of identical parts contained in the training symbol on the frequency offset estimation performance. This gives an important insight on how the training symbol should be designed in order to achieve a better MSE performance with the same amount of training overhead.
SIGNAL MODEL
The time-domain complex baseband samples {s(k)} of the useful part of an OFDM signal with N subcarriers are generated by taking the N-point inverse fast Fourier transform (IFFTN) of a block of subcarrier symbols {Cl} which are from a QAM or PSK signal constellation as [41. where the number of used subcarriers is 2N, + 1 5 N. The useful part of each OFDM symbol has a duration of T seconds and is preceded by a cyclic prefix, which is longer than the channel impulse response, in order to avoid inter-symbol interference (ISI). Assuming that the timing synchronization eliminates the ISI, the receive filter output samples { r ( k ) } taken at the sampling rate of NIT can be given by
where U is the carrier frequency offset normalized by the subcarrier spacing 1/T, n ( k ) is a sample of complex Gaussian noise process with zero mean and variance U,?, = E{ln(k)12} and x ( k ) is the channel output signal component given by ,.(k) = e P r * k / N x ( k ) + n(k) where rl is the total frequency response at the Ith subcarrier, including the effects of the channel, filters, timing offset and arbitrary carrier phase factor. The signal-to-noise ratio is defined as SNR = uz/ui, with U: 5 E { l z ( k ) / " } . 
and A(k) = n(k)e-jzxw*/N is a random variable statistically equivalent to n(k).
Define the following: Then the initial frequency offset compensation is performed on the received training symbol by using the initial frequency offset estimate O1. The frequency offset compensated received training symbol sample i(k) can be expressed as r(k) = r ( k ) e -j Z * o l k / N .
(1 1)
Using i ( k ) in place of r(k) in (4) and (9) gives 
+G(m) + R ( m ) }
arg{R(m)) can be obtained without calculating R(m) as
By observing the above relationship, reduced complexity version of the methods from 161 can be implemented by using (16) and (18) rather than the direct approach using ( I l)-(14) .
v. PROPOSED METHOD (METHOD D)
Rather than directly calculating arg{R(m)), using the phase differential of correlation terms with respect to R(l), VI. COMPUTATIONAL COMPLEXITY In Table I , the computational complexity of different methods are presented in terms of the number of equivalent real multiplication (ERM), equivalent real addition (ERA), phase computation (arg{ .)) and modulo 2n operation. As discussed where -, is the mth component of the weighting in (15) with ce replaced by Cm which is described below.
previously, reduced-complexity version of the methods from [61 using (16) and (18) achieves some complexity saving over the direct implementation using ( I 1)-(14) . The proposed method and the M&M method have the same minimum This theoretical investigation suggests that the larger the value of L is, the better the estimation performance will be, although the improvement is marginal. However, it will be seen in the following that this theoretical implication is not fully complied with the simulation results.
Computer simulation of estimation MSE performance with different L values are presented in Fig. 3 in a quasi-static multipath Rayleigh fading channel. For S N R d dB, L = 32, 64 and 128 give almost the same MSE performance where L = 64 has a marginally better MSE performance. As SNR value increases, L = 16,32,64, and 128 give almost the same MSE performance, and at SNR=25 dB, L = 16 and 32 are just marginally better. Notably, L = 512 gives a substantial performance degradation. This inconsistence with theoretical implication comes from the fact that the variance of BLUE assumes that the total energy of the received training samples is constant. However, from (3). it is observed that the pilot tones are affected by the sub-channel responses. When L is (1 -l/L?)/(l -l/LZ). 
